while the Ca2+-ATPases are associated with the ER and plasma membrane (6, 7, 9, 11, 17, 28, 31) . It has been suggested that both types oftransporter may exist in a single membrane type (2, 30) although this has not been investigated in higher plants. We examined the Ca2+-transport activity of microsomes isolated from barley roots in order to determine which ofthe two types ofCa2+ transporters were associated with the major organelle fractions.
ptake coincided with the peak of proton transport by the tonoplast H+-ATPase. Depending on the concentration of Ca2+ in the assay, Ca2+ uptake was inhibited 50 to 75% by those combinations of ionophores and solutes that eliminated the pH gradient and membrane potential. However, 25 to 50% of the Ca2+ uptake in the tonoplast-enriched fraction was not sensitive to ionophores but was inhibited by vanadate. The results suggest that 45Ca uptake was driven by the low affinity, high capacity tonoplast Ca2+/nH+ antiporter and also by a high affinity, lower capacity Ca2 -ATPase. The Ca2+-ATPase may be associated with tonoplast, Golgi or contaminating vesicles of unknown origin. No Ca2 transport was specifically associated with the distinct peak of endoplasmic reticulum that was identified by NADH cytochrome c reductase, choline phosphotransferase, and dolichol-P-mannosyl synthase activities. A small shoulder of Ca2+ uptake in the plasma membrane region of the gradient was inhibited by vanadate and erythrosin B and may represent the activity of a separate plasma membrane Ca2 -ATPase. Vesicle volumes were estimated using electron spin resonance techniques, and intravesicular Ca2+ concentrations were estimated to be as high as 5 millimolar. ATP-driven uptake of Ca2+ created 800-to 2000-fold concentration gradients within minutes. Problems in interpreting the effects of Ca2+ on ATP-generated pH gradients are discussed and the suggestion is made that Ca24 dissipates pH gradients by a different mechanism than is responsible for Ca2+ uptake into tonoplast vesicles. formation of a ApH2 and is insensitive to ATPase inhibitors (the Ca2+/nH' antiporter), and the second which does not require a ApH and is inhibited by vanadate (the Ca2+-ATPase). Current evidence suggests that the Ca2+/nH' antiporter is associated primarily with the tonoplast, or vacuole membrane (3, 11, 19, 22, 31, 32) while the Ca2+-ATPases are associated with the ER and plasma membrane (6, 7, 9, 11, 17, 28, 31) . It has been suggested that both types oftransporter may exist in a single membrane type (2, 30 ) although this has not been investigated in higher plants. We examined the Ca2+-transport activity of microsomes isolated from barley roots in order to determine which ofthe two types ofCa2+ transporters were associated with the major organelle fractions.
The mechanisms by which Ca2+ is transported out of the cytoplasm against a large concentration gradient can be studied using isolated membrane vesicles (3, 6, 7, 11, 17, 22, 28, 31, 32) . Microsomal vesicles are particularly valuable when the transport activities of the major organelle membranes can be distinguished from each other. DuPont et al. (15) demonstrated that membrane fractions enriched in ER, tonoplast or plasma membrane can be isolated from barley roots by sucrose density gradient centrifugation. The vesicles are sealed and properly oriented to allow generation of ApH by the PMand V-ATPases (13) (14) (15) (16) . In the present paper the mechanisms and capacity for formation of Ca2`gradients by these vesicles are assessed. A prominent Ca2+/nH+ antiporter activity in tonoplast vesicles is characterized and evidence for a non-ER, non-plasma membrane Ca2+-ATPase is presented. A distinction is made between the activity of the Ca24/nH' antiporter and independent effects of Ca2+ on the formation and maintenance of ApH by the PM-and V-ATPases.
Precise regulation ofcytoplasmic Ca2" may be an important element of signal transduction in plant cells (23, 27) , as it is in animal cells (12) . Resting levels of cytoplasmic Ca2" are reported to be less than 0.5 AM in plants (8, 18, 26) . These low levels ofcytoplasmic Ca2" are maintained by active uptake into organelles and export across the plasma membrane (7, 12, 26) . To in the presence or absence of 100 mM NaCl, as described previously (15) . Roots were harvested from 7 d seedlings.
Membrane Preparation
Microsomal membranes were prepared, separated on linear or discontinuous sucrose gradients, and fractions were collected as described previously (13) (14) (15) . TN was collected from the 22/30% sucrose interface and PM was collected from the 34/40% sucrose interface. TN, PM, and fractions from continuous gradients were washed with KCl as previously described (15) ammonium molybdate to inhibit phosphatases, and 1 mM sodium azide to inhibit the mitochondrial ATPase. Dolichol-P-mannosyl synthase and choline phosphotransferase were assayed as described by Braell (4).
Fluorescence Assays of Proton Transport ATP-dependent proton transport was assayed as described previously (14) . Briefly, aliquots of TN To quantitate the effects of Ca2' and EGTA on proton transport by the PM-ATPase, CaCl2 or EGTA were added prior to the addition of ATP. Subsequently, glucose plus hexokinase were added to deplete the ATP and the first order rate constant for collapse of ApH was then computed (5).
Determination of Vesicle Volumes
The volumes of isolated membrane vesicles were determined using a modification of an ESR technique (1, 25, 29 A signal-subtraction technique made it possible to use a low concentration of K3Fe(CN)6 that had no significant osmotic effect on the vesicles. A concentration of 33 mM K3Fe(CN)6 broadened the external signal sufficiently to give a signal composed of a superposition of the broadened external and unbroadened internal signal. An equivalently broadened signal, obtained in the absence of membranes, was subtracted, leaving only the internal signal. The peak to peak amplitude of the nonbroadened signal from the Temponed6,'5N within the vesicles was measured. The ratio of internal to external signal amplitude, times total volume, gave the estimate for the internal volume of the vesicles. Use of the '5N perdeuterated form of Tempone allowed accurate detection of the unbroadened portion of the signal despite the use of small volumes, relatively small amounts of membrane, and relatively low concentrations of the broadening agent.
RESULTS

Identification of Membranes That Accumulate "Ca
Distribution of Ca2" transport activity on continuous sucrose gradients was monitored by the accumulation of 45Ca (Figs. [1] [2] [3] in the presence of 1 mM oxalate. The concentration of total Ca2" was 5 juM and free Ca2" was estimated to be 1
Mm. The majority of the Ca2" uptake was dependent on the presence of ATP in the reaction mixture (Fig. 1) . The main peak of Ca2" uptake, at 1.10 to 1.12 g/cm3, coincided with the peak of ATP-dependent proton transport ( Fig. IA) and nitrate-inhibited ATPase ( Fig. 1 B) which are diagnostic of the V-ATPase. Optimal conditions for assay of proton transport by the V-ATPase and the PM-ATPase from barley roots are very different (13, 14) , and rates of proton transport by the PM-ATPase are low under the conditions used in Figure 1 . However, ATP hydrolysis by the PM-ATPase is easily detected, and the vanadate-inhibited ATPase, which peaked at 1.16 to 1.17 g/cm3, indicates the distribution of plasma membrane. Proton transport by the PM-ATPase was demonstrated in similar gradients, by assaying in the presence of KNO3 and valinomycin (14) . It coincided with vanadate-inhibited ATPase, and sterol-glucosyl transferase, which were all found at a density of 1.15 to 1.17 g/cm3 (14) .
Ca2" transport by membranes from roots grown in the presence ( Fig. 2) or absence ( Fig. 1 ) of 100 mm NaCl was compared, since the Na+/H+ antiporter was observed only in membranes from roots exposed to NaCl ( 16) . However, there was no significant difference in the distribution ofCa2" uptake Ca2+-ATPase (Fig. 3) . Transport was measured in the presence of nigericin to collapse the ApH created by the V-ATPase (Fig. 3A) . The nigericin-sensitive Ca2" uptake is that activity dependent on ApH and thus is assumed to be driven by a Ca24/nH' antiporter (3, 7, 11, 22, 31, 32) . The nigericininsensitive Ca2" uptake is dependent upon ATP but not upon ApH, and thus Ca2+ is assumed to be directly pumped into the membranes by a Ca2+-ATPase. Ca2+ was also assayed in the presence of vanadate (Fig. 3B) , which inhibits EIE2 type Ca2+-ATPases (7, 9, 11, 17) and in the presence of erythrosin B, which inhibits the Ca2`-ATPase of radish root plasma membrane (28) . The main peaks of nigericin sensitive uptake, nigericin-insensitive uptake and vanadate-inhibited uptake were all at 1.1 1 to 1.13 g/cm3 and coincided with the peak of proton transport by the V-ATPase. Only the distribution of the erythrosin B-inhibited uptake was different. A shoulder of Ca2+-uptake in the plasma membrane region of the gradient, from 1.15 to 1.17 g/cm3 was inhibited by vanadate and erythrosin B and was not affected by nigericin. These are reported to be characteristics of the plasma membrane Ca2+-ATPase (28 (Fig. 4C) . The nigericin-and nitrate-insensitive component had an apparent Km for Ca2+ of 0.2 ,uM, whereas the nigericin-and nitratesensitive component had an apparent Km of 3.7 ,M Ca2+. Assays were also carried out for 10 min, to estimate the effect ofCa2" concentration on the total accumulation ofCa2+ by the vesicles (Table I) . Uptake capacity was fully saturated by 10 AM Ca2+. At 1 AM Ca2+ or lower, approximately 50% of the Ca2' accumulation could be attributed to the ApH-independent uptake system. However, at 10 and 50 lMm Ca2 , only 25% of the Ca2+ could be attributed to the ApH-independent uptake system, and 75% of Ca2' uptake was dependent on the AAH+ formed by the V-ATPase.
Effect of Oxalate on the Time Course of Ca2+ and Methylamine Uptake by TN Vesicles
Oxalate was included in some assays of "5Ca2+ uptake ( Fig.   1-3 ) and not others (Fig. 4) . Therefore the time course for uptake of 45Ca2' and '4C-methylamine were compared in the presence and absence of oxalate in order to determine whether oxalate affected Ca2+ uptake (7) and/or the formation of the ApH (Fig. 5) . Methylamine uptake into the TN vesicles reached a maximum in 2 to 4 min and then leveled off, indicating that the vesicles had achieved a steady state ApH where influx of protons via the V-ATPase was in equilibrium with efflux ofprotons via uncharacterized channels, symports, antiporters, and diffusion through the lipid bilayer. Addition (Fig. 6) . The effect of osmolarity on vesicle volume was determined to verify that the vesicles were osmotically active and to determine the volume of the vesicles under the conditions used for the Ca2+ transport assays (Fig. 6) . A representative experiment is shown in Figure 6 . Addition of increasing concentrations of sorbitol (Fig. 6) (Table III) , as Ca> uptake was linear over this time period (Fig. 5) . For example, an initial rate of 3 nmol Ca2"/mg protein was observed (Fig. 5) . Under similar conditions and using the same membrane samples, the rate of ATP hydrolysis by the V-ATPase was 120 nmol/mg protein min, taking the nitrate-inhibited component of the ATP hydrolysis to represent the activity of the V-ATPase. Assuming a stoichiometry of 2 H+/ATP (19) the V-ATPase would be capable of transporting 240 nmol H+/mg protein min. Thus, if all the ATPases were coupled to proton transport in sealed vesicles, there would be 80 H+ entering the vesicles via the V-ATPase for every Ca> entering via the antiporter. Although rates of proton transport may be high, this does not create an extremely large ApH, because of the buffering capacity of the vesicles and the constant cycling of H+ out of the vesicles via 'leak' pathways (20) . Thus, even with a stoichiometry of 3 or 4 H+/Ca2+ only a fraction of the protons entering via the VATPase would be needed to supply the needs of the Ca2!/ nH+ antiporter in intact vacuoles.
Effects of Ca2+ on ApH Formed by the V-ATPase
The calculations in the previous section indicate that the Ca2+/nH+ antiporter should not have a significant effect on the ApH formed by the V-ATPase when the ATPase is active. However, the effect of ApH might be observed when the ATPase is inhibited. In order to confirm this, the effect of Ca>2 on the ApH was tested (Fig. 7) . Addition of high concentrations of Ca" did dissipate the ApH. (Fig. 7A) . Similar results were obtained when Ca2" was added along with 20 AM DCCD to inhibit the ATPase. Addition of Ca2" without glucose and hexokinase or DCCD also caused a noticeable increase in fluorescence (Fig.  7B) which was reversed by addition of EGTA to chelate the Ca2+. However, addition of less than 50 Mm free Ca2' did not affect ApH. Similar results were observed with acridine orange (Fig. 7A) or quinacrine (Fig. 7B) .
To obtain quantitative data describing the effect of Ca2+ on the rate of collapse of the ApH the rate of recovery was calculated in the same manner as was used to describe the activity of a Na+/H+ antiport (16) . When DCCD was used to inhibit the ATPase, the rate ofrecovery increased as a function of Ca2+ concentration (Fig. 8) Proton transport by the PM-ATPase was also very sensitive to added Ca> (Fig. 9) . Ca> had two different effects on the time course for proton transport. At all but the lowest concentration of Ca>2 tested, addition of Ca>2 reduced the initial rate of proton transport (Fig. 9) . Ca2+ inhibited the rate of ATP hydrolysis with a similar concentration dependence as for inhibition of proton transport (data not shown). Leonard and Hotchkiss (24) The rate of nitrate-inhibited ATPase ±SD was measured using the same membrane samples that were used for Figure 5 . Initial rate of Ca2+ uptake is calculated from the data in Figure 5 . (7, 9, 28) , in the same range as Ca2+ concentrations that are reported to occur in the cytoplasm (8, 18, 26) . Higher estimates (17, 22) may reflect the difficulty of Figure 7B . Figure 7A ). All (Fig. 7) . A comparison of the Km values for Ca2+ uptake (Fig. 4) and the Km for the effect of Ca2" on dissipation of the ApH (Fig. 8) indicate that the two processes are independent. The high, nonphysiological concentrations of calcium that caused the ApH to dissipate may have done so by opening a nonspecific ion channel that is not involved with Ca2`transport (21) .
Effect of Ca2' on the Plasma Membrane ATPase
The effect of Ca2" on the proton gradients created by the PM-ATPase was quite different from the effect of Ca2`on proton gradients created by the V-ATPase. Addition of Ca2" increased the leak of protons from TN vesicles, whereas removal of Ca2" with EGTA increased the leak from PM vesicles. 
